
REPORT NO. 17

INFCNI’RPARTS

AN INVESTIGATION03!’THE ELEMENTS WHICH
CONTRIBUTE TO STATICALAND DYNAMICAL
STABILITY,AND OF THE EFFECTSOF VARIATION

m THOSE ImEMENTs ‘

ByMIEXANDERKLEMIN
hdructmiuAeronan&nlEnghedng

An-n
EDWARDP.WARNEBandGEORGEMiDiiNKING13E

Araf.sfan&inAeronauikd %ginedng

MASSACHUSETTSINSTITUTEOF TECHNOLOGY
CA.M13BIDGE,MASS.

29165”-s. Do&Ma &P&u 273

—

.





....
. - . ..-.—.

CONTENTS OF REPORT NO. 17.

PARTI.
Pam.

hmoDuomEY.-DefaffEof mcdek teetedand methodsof -TE& of -
Eiffel36 wingah
JN2

e-Ckxtefitics aud perfmmancemuva fcwstandad
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PARTIL

STATICALMAZYEEI.-Lffkand ~ contributedby body mtd_ “tested
withoutwings-Iift and draganstributedby t@ testedwithoutwings-
Theeffectonfifttmd&iftofinW%renceMweentheyofabi Ianecom-
bination-Liftand dragcontributedby theadditionof cd~h+s
@l to a ~pbe -*mati*T@ parwifsresistme

E~kYkT~Z&’~%er~”=$m=d tada&
faceaboutthecenterof tity-A uwkifatived.

P&f
- oftheforceeonthe

tailandtbeeffe&of ownwa&- ectofsizeandaettingoftailonstatical
longittviimdstabiMy-Effectsof lengthof bodyonstabih@-The effectRof
thevarioueeIementaofanairpbmeonkngitndmdetabilitymd theplacing
dtiefmm v* .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PARTIII.

DYNMUCAZANfimmm-l?undmnental
@2tiOIlEof re8iE&Icederi.tivcs&&i%k$fti%%!&T&+&
@d ability of tbe Curt&JN2-Tabulationof re&tance erivative
Discussionof thereaisknced@va&-Fcm@on andEoIutfonof @abili@

.tiuwtih,*%”z&%n=”&%ztiz”~
equatio~Phyaicd con . . . . . . . . . .

PARTIv.

sUIMuum.+hmmaryofEsuUaofetafikdinvestigation-s~f ofrmllta
fmd.cw~@ .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

276

277

286

817

399

—





REPORT NO. 17.
PARTL

By AGExhrmmKLEmlw
and

bwAED P. wARNJmand GEOECEM.

INTRODUCTION.

This m ort isthe resdt of experinwds conducted at the mmdy-
fnamical aboratory of the Massaehnsetjs ~titn~ of Technology

during the summer of 1917. The work ISdmded mtn two SWtIOIISy
the fit deaIing with static, the second with d amiq, tiects. The

routlines of the statical experimentation were etermmed after con-
sultation with I&mt. CCL V. E. Clark, to whom the autihom’ beat
thaI& are due.

The work on static?J conditions, in turn, falls under two heads.
h the fit pIace, working from the lift, drag, and performance
curves of a standard military tractor biplane as a beais the portion
which each element of the machine contributes to the ht and

%forces was determined by tasting each element separately and in
omnbinations of qeoial interest. As a continuation of this work the
length of body, sue of tail, and angdar setting of the same were
varied chengmg one at a time, thus determining the efkct of an
such CL

Y
?s on tie lift and drag. IncidantaUy it has been possib e

to secure da on the downwssh fim the wings and its effect on the
forces contributed by t$e taiL

SecondIy by compu
3

the momenta about the center of gravitty
of the mac!hine due to e air resenre on each element, a vectm
di em for the airplane can be

Y
% nilt up from its component psrts,

an rules can be kud down for the traveI of the vectors and for the
initial belancin up of the machine withouq the necessity of a wind

%tnnneltestint every eadystw sofad
? T

Moments about the
center of gravity ware also calcu ated for eac of the changes in size,

%
set - , eta., of the tail surfaces in order to seonre delinite data on
the ect of such changEs on &e statical stability of the airplane.

The second main section deals with dynamical stabiht~ The
resistance derivatives and damping moments were determmed for
each of the cases, and the length of period and time required ta damp
to a oertain d ee were thus calculated, “ving the dlect of variations

3inthetsils me on the safety and co3 ort of the airplane,_eofar ss
the longitudinal motioq is concerned. Some prOgKS-WSS also nyde
in findm the pr:port~on of damping contributed by the various

%parts of t e machme.
.2Tz

—

—

—
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DETAILSOF MODEISTESTEDANDMETHODSOF TESTING.

The standard rnqchine selected for invwtigation wes a C?urtiw
JN2 advsmed tr

Y
machine, this type being seleckd because so

much similar work h already been done on it by Dr. J. C. Hunsaker.
Drawings of the machine are shown in figure 1, and a table of dimen-
sions is given herewith:

c

-E—,_
c

/7

Weightfully10Uh2d... . . .. .. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. Wun&..

:~:~;+::::::::::..:::: :::::::::; :::.-:::.-.-:::::.”:::.”::::.-::::&t: :
... .. .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Gapb$weenwings.. . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...%....
SX ... . .. . .. .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..do. . . .
LengthOf.body.. . .. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..do . . . .

... . .. . ... . .. .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Squarefeet. .
~M$%tiwti&tie . . ... .. . ... . . .. ... . . . . . . . . . . . . . . . . . . . . . . . . ..do. . . .

. .. .. . . .. . . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..do . . . .
Wiicurve .. .. . .. . .. . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Eiffel..
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The modeI was made to a smile of on~half inch to a foot. The
wings were made of ahxninum, thus combining lightness with the

R
eatest possible accuracy of workin and freedom from warping.
ey were machined roughly and t%en scraped b~ hand im the

desired section, the working tdenmce being 0.003 inch. The tail
surfaces were made of brass, and were simply cut from a sheet
& inch tick, no attempt being made h reproduce exactly the
csmber of the tail on the actual machine. The body was made of
pine, and the chassis wss buiIt up from brass wire, with solid wood
wheels. The win were maintamed in their proper

0/?
sition with

respect to each ror by 12 round StrUtS0.087 inch in ‘smeter and
made of steel wira In order to prevent the struts from working ~oose
in the skminum wings steel bushings were presed into the wing
planEs, and these bushings were drilled and tapped to take the ends
of the wire struts. By threading these shuts oppositdy on their two
ends, an. essy and dellcate mems of adju$znent was provided for

‘e ‘-”m ‘ “ ‘walWe~&%w%$?noW$Ri*bracing wues were used end
the teets. It has been }ound that a model thus made giv= results
comparable with those for tie full-sized machine, the gain due b the
omission of wires and propelIer being counterbahnced b the 1-
cause by the use of round instead of stresm-line, struts. h e wings
were made in the sho of b. George F. Day, and under his super-

!vision. Otherparts o the model were constructed, snd the assembly
WSSC=T’iCdout, by=. ~. E Phiips, and by hfe=a Carl &@ and
Edward T&he, modd and instrument makers at the Institute of
TecbnoIogy.

b order to make it possible to vary the kmgth of the bod~, and
consequmtly the mommt arm of the tail, the body was sawn m two
just behind the req .cackpit, aud the two ortions were dowelled

t?togethcx. Two ad+honal rem halves were en made so that eithem
could be fitted on m pkce of the standard one, their lengths being
such as to make the distance from the center of gravity of the machine
to the leading edge of the tti 10

dPYR&#:c/iEoz:l%lres ectively, than m the stan ard ma
mls ac~ were SISOmade up, geomettricalIysimilar to that normally

used, but one 10 er cmt larger the other 10 per cent snudler. The
%three bodies are ereindter ref”ed to as long, medium (standard

JN-2), and short, and the three tails, which were tested in various
combinations with tihq as 1

%
e, medium (standard JN-2), and

small. l?igurea 2 and 3 show e model with medium body, and
$gure 4iHustraW the three bedim and tails.

The static tests were carried. out in the customary fashion, the
forces being measured by weig

9
on the aerodynamic balance, to

pitching moments by the tmmon strain which had to be set u in
d?a csliirated wire in order to balance them. The a paratus, an the

method of procedure, has been described in detal elsewhere.t All
static tests were made with a wind speed of 30 mika per hour which “
has been found to give the best results in the Massachusetts Institute .
of Technolo laboratory. The@@ of testingfor d~w, .dd~
calcula “ T. t e dynmnic stabfi~,

%
$

%
be talmn-.u -in cnnnectio~

with the &ussion of the results o tied under ose heads.

.—

.—

..

.-
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TESTOF EIFFEL36 WINGALONE

As a preparatory step, a test of the EMel 36 “ alone was made,
Tand the resultant curves (I@, ICC,and L/D) are p otted in figure 5.

Each of the two win
f

was tested se ,arately, the results chsckin
%mwithin 2 per cent at a ints, and wit

J!
1 er cent at practically a
u?

K
angles, indicating that e accuracy of man acture was such that the

FIG.&

variations in profile exerted a n ligible intluence on the aerod~amic
characteristics of the wing. % e erformance was exceptionally

h
ood, the maximum KH bein

f
%0.0315 and the higheet LID 21.

e good I@ is in large part c argeable to the raked
T

the high
aspect ratio (7.2), and the slightl flattened tips, due h t e’ resence

i Eof the ailerons. The correspon ing values secured by Ei el 1 for

1hrmmnenRmhemki+EMUInBedutencade IIAtcetlrAvWion, by (+.ElffeL
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this W@ WW’00.00295 and 16.1. The discrepancy seems unjustMzbly
qe, especially aa the EifM tMts were made under the better con-
ditions as regards the speed of wind aud size of model.

CHARACl!ERISTI@AND PERFORMANCECURVESFOESTANDARDJN-2.

Fm. 6.

I I 1

l?igurea 6 and? repr=nt, respectively, the characteristic curves

(lift, drag, and ~) ~d the P=fo=~ce CUI’V=for fie st~d~d

machine with the customary tail setting (– 3+” to the wing chord).
The angle of zero lift for the oomplete machine is –44°, whereae that
fortheeingle Eiffd36W@k – 6°. The burlde point for Lhe com-
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i’Iete maohine is at 15°, the maximum lift being 1.69 pounds. The
reak in the curve just at the burble point is somewhat more abru t

&than the corms onding bend for the wing section alone, but e
?llfalling away at “gher angks is less rapid. The maximum L/D is

7.8 at 73°, and the minimum dr is 0.105 oundl at -1O.
3 {he characteristics thus obtaine furnish t e bsm for the compu~

tion of the performance curvm The speed required for sustentation
and the lift on a model of 1/24 scale at 30 miles per hour and a like

-Pangle of incidence are connected by the fornda: V -~ ~, or, for

r
55.03 ~ ~~e of @e of incidenceW= 1,800 pounds, VU= ~

“ t speed may be plo~tad from values thus obtained, and shows
minimum speed possible is just below 41 miles per hour,

ma 7.

and that an an.gIe of incidence of 0° corresponds to a
P

of 74
miles per how, which is about the usuaI performance oft is type of
machine. Points on the curve of drag against speed are secured by
dividing the weigh$ of the machine by the L D at m given angle of
incidencs, and la

P
ii?off the resultant at t e spee a~propriate to

the angle of inci ems in question. The minimum rematance is 230
pounds at 47 miles per hour, and indica~ a best gliding an le of 1
m 7.8. The minimum horsepower required is 28, at 45 &
hour. Wit+ an engine developing slightl over 90 horsepower~s$$

ras was used m this machine, and a propel er ticienc of 80 per ~t;
a speed of 74 miles per hour should be secured. Tie angle of umi-
dence at the maximum speed will then be OO. Dr. if. G. !hnsa~er
found’ a maximum speed of 73 mi@ per hour for this maclune, using
a ditlbrent model, with wooden wings.

1Eventd Ana@WofInhmntLan@xdimlSfaMIltyforaTypIudBlPi!uItxFiMthU81m@
ofthe aticmalAdvImrg0xnmWe8for Aeromatioa,p.88.
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STATICAL ANALYSIS.

By hmmmnm lhmm andEDWAEDP. ‘i’i’~mmandGEOMEM. DENKINQBB.

LWC’AND DBAGCO~UTEDDY&DGY#ND CHASSIS,TESTEDWITH-
.

This saks of experiments comprised tests of each of the three
bodies alone, of the medium taiI aIone, of the medium body with
chassis attached, and of the medium body with chassis and medium.-
tail.

A comparison of the teets of the three bodies indicates nothing
except that such changes as were made in length of bod afbct

&?eith~ lift nor drag to an extent affecting aerodynamic e ciency
The curves drawn for the three cross and recross in a

;&&?G@ ar fashion, the difference between them always lying
vnthm the limits of probable experimental error, which error is,

of course, a rdatively large percentage of tie force involved when
that force is mxy smd.

In @gge 8 is plotted the lift of the bod and the lift due to-chassis
Ialone when in combination with body (o tained by subtrac

%
the

Iift of the body slone fim the lift of body and chassis toge m).
In figure 9 ma given the correapondin curves for resistance. The

$points marked on the body cumw are ose obtained for the medium
bed.d e lift due to the body is zero at + *“ (ail angles referred to the
line of the Iongerom3as datum).

%
It is nemly chrec~ proportional

to angle at l= from –8° to +20° (L e., the
%

d curve is vir-
tually a straight “ e). It shows a tendency, however, to increase

R’&&% N?xKat’T “% ‘m a’ ‘ma”” ‘t ‘hodd ‘0’=ese v ues for hft, as weU as those for re=stance
d~e to the body, will be mat-y modified by the addition of the
wings, the. downwash from @ch members will decrease the lift.
The quantitative values of ths @ect will be discussed later.

The lift due to the chassis is ahva
r

pcaitive tmd is tidy
constant. Although no test was ma e on the chassis alone, the
natural assumption is that the ap~arent chassis lift is the At of
the formation of eddies and am-g of the rear pprtion of ~e body,
and that there E no d amic hft on the chassis Itself. Tlus tiect

ris hardly worth consi wing on the full-scale machine, the lift from
-thissource being hays less than 5 pounds.

286

.
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The resistance of the body is, as would be expected a minimum
“ahat 0° and increqes ra idly snd alnmt synmmtnc y with any

ch~e of angle m eit%er direction. The resistance due to the
chasms, on the other hand, is lesst at a large negative angle, where
the ohassis is screened by the forward portion of the body, and

I?mc$.

incresses at a decreasing rate n to an angle &&rred to the top
10 erons) of about 2°.

$$
After J& it is virtufdl cunstsnt until an

a e of 16° is reached, where it begins to fail oJ
3

aim !l?’hemati-
mum resistance due to the chsssis is praoticrdly i entical with the
minimum rmistance of the body.
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L7ETAND DRAG CONTRIBUTEDBY T& TESTEDWITEOUTWINGS.

h F 10 are pbtted the tit and drag of the medium td dOll13
and o the medium tsiI when k combination with the body and
chassis. The latter WW6 obtained by a method of differenm,
fmalogous to that for tiding the lift and drag due to the chassis.

The lift of the tail alone f0n0w5 a st@MSine equat$~ TX%
dOSdy, and is Of COUI’S6,~h’icd ?bo~t B Z6T0

Tdence, the surlaoe itself being symmetmal m raspsofi o the upper
and lower surf-. Ditiding the lift at an angle of 6° by the area
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of the surfaoe, the square of the spead, and the angle of incidenm in
degrees we tid that Zy= 0,QOO139i,wbioh is the equivalent 4of the
lift cml%oieqt on the rectmgular flat late -of aspect ratio 3. Tho

Ldr-~ coefbents, howev?r, are somew t
%

her than those appro-
priate to this aspect ratio, with the net w t that the L/D ratio is

about 13 per oent lower than it should be for a reotan@ar late of
&asped ratio 3. The much improved lift, in view of the fact at the

maximum chord of the tail is nearly as great as its maximum span,
ma be assigned to the raked extremisms and rounded cornem, as

dw es to the faot that the thicknw was greater in proportion to the
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area than for the lates tested by 13iHel,and that the edges were
drounded off smoo y.

The hft due to the tail in the presence of h body is &o, nearly
~Por~on~ to & an#e (measured from the an@e of ZerOhft ss a

%stom poimt), but showa a tendenc to increase somewhat more
drapidly at large angles than at sm . The curve cuts the ams ,of

zero Iift at m a m~eof 3°, and&e SIO e of the curve is about 0.75 of
%the slope of the Jt curve for the t alone. This ch mein slope

%may be attributed to three causes. The most obvious is at a con-
siderable art of the tail (about 7 per cent) is actuaIly resting onto

xof the bo y, and is virtualIy nonexistent, in so far as aerodynamic $
effects are concerned. The second is the decrease in speed of the sir
which has passed over the body, and the third is tha~, es observed
by EMel} the mgle of dcwnwash increasm less rapiily than the
a@e of in~&nce. (NoTE.-This phenomenon is probabl IS

SJmarked than EifM’s experiments would indicate se he f “ ed to
take account of the seoond of the caus= which we !mve mentioned).
The cause for the down-washwhen the wings me not pr=nt is not
a parent, as an upcurrent would seem mOrSprobable 50111the shape
Fo the body and position of the tail.
The drag due to the taiI, because of the dowmwssh notd above,

hss its *um at an argls of 2°. It is not symmetrical about tbia
zd in~-s~ Y rapidly at n~ative & at “t@e

3
duetothe tadisverysm fly

barely-half tie minimum v ue for the tail alone and lass &an 2
per oent of the mum for the body, but it increasee more rapidly
than any other component, so that at 20° it is materially larger than
that for either body or chss& The drag curve for the tail m com-
bination with bod and ohsssis is less reguhr than for taiI alone, the
-dues in~ssing L rapidly at small, and much more rapidly at
kc e, angks.Ft shotid be noted that great caution must be exeroised in dra .

Yconclusions fim twts of the taii since the elevator osition is neutr
d!’tio bout, as is the custom in practically aIIwin tunnel tests,and

the tit and drag are therefore considerably different &m those
which would arise in actutd 3ight.

TEEEFFECTON_ANDDm 0F~CEB13TWEEN THE
WINGS03’ A BIPLANECOMBINATION.

In
!!%

ellaregiven theIiftand
9

curves for a single wing plane
of the tissJN-2 (with sIIdues dou led to make them comparable
with the total lift and drag for the two wingg and for the oomplete
assembly), for a biplane combination made up with the same sta.~er
and ga as in the actual machine, for the com lets machine wkh

al?the t “ set, as in practicel at !–31° to the chord o the wings, and for
the complete machine With the tail removed. To avoid cunfusion
among so man

L
curves the observed points have been omitted from

the drawing. ery point lies within 0.005 pound of the curve to
which it pertains.

The drag curves for the mxriouamrengemenfs do not of course,
permit of any deductions as to the biplane effect on Z?x and LID,
sines the eftect of the struts is unknown. It may fairly be assumed,

INomeUes lMMrchHSlr IaBeeMeme dePAfr et I’ATWIcEI,byCLEl&l.
2!3165°-S.Doe.123,WI-*UI

—

—

—
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however, that these struts have no imporhmt effect on the lift,
and interding data may be obtained as to the effect which the
biplane srr~ement without overhang has on the lift of an actual
machine. It IS easil conceivable that the biplane correction for a

$real wing, with rake tips and with ailerons cut ‘ton the bias” and
rounded off at the corners, may be materially difiercnt from that
for wings with square ends. It- also - rmits of a comparison of the

1?biplane lift corrections for the Eiffe 36 win with those for other
fwmga which have been tested m biplane com iuations, and notably

for the R. A. I’. 6 section tested b Dr. J.*C. Hunsaker} z
The biplane lift corrections at d

.

from 0.820 to 0.937, the hrge mdues correspon “
:Pm:;:si%:;!eangles of incidence, and the correction ratio

until, at about 8°, it reaches a minimum an .thermfter increases in
magnitude as the le becomes smaller. Th~ is strictly in accord-

Yante with the. rem @ of previous e etienta. The maximum
Tvalues of the hft coefficient, to be use- in computin the landing

%speed, are in the ratio 0.937, as against 0.956,obtained by r.llunsaker
for both the R. A. l?. 6 and CurtiM

T
The latter tcsta differed

from the present ones, in addition to e“ oints already mentioned,
d!in that there was no stagger, the ap/chor ratio was 1.2 instead of 1,

and the aspect ratio was less. # eatamade b Dr. Hunsaker at-the
Massachueetta Institute of Technology, an~by the stafl of the
National Physical Laboratmy~ -indicati.that there is a 10SSof about
5 m cent consequent on the reduction of the gap/ohord ratio from

11. to 1, and a gam of about 2 per cent from the use of a 20~er cenb
stagger. The exaot result of changing aspect ratio in a biplane is
uncertain, but it is probable that a decrease in this ratio increases
the biplane lift faotor slightly. Takin all these modifications into

5account, the lift correction obtained y us ma be regarded as
coinciding very closely with Dr. Hhniaker’s reJ b, that from the
present experiments be”

?
a trifle the higher, and we therefore draw

the conclusion that the iplane cosffwents may be considered as
virtually independent of the @n form of the wings. The effect of
changes in ~ction, and especmlly the gain from mak~ up the two
w .of ~ermt sectlo% :emyns to be further investigated.
There m of course, acme loss m hft, especially at large angles, due
to turbulence about the struts, although this should be slight enough
not to fiect the validity of the conclusions which we have lmmd on
the assumption that the strut effect was niL Any such eflect would
be relatively more pronounced on the model than on the full-scale

i
air lane with stream-line struts. Taking account of all such dis-
tur ing factors a correction coefMent of 0.95 maybe used in finding
the maximum kt for a biplane combination with a gap/chord ratio
of approximately 1, and a s~~ger of from 10 to 25 ~r cent. Tho
effect of chassis, body, and tail on the landing speed wdl be discussed
in the next section.

It was previousl , remarked that-little cm” be deduced from a
comparison of the & t curve for the biplane with that for the mono-
plane, since the eflect of the struti can not be readily determined.
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It wilI be notad, however, that the distan:e between the two curves
constantly grows smaller as the angle mreases, and that they
finally actud.ly cross each other at an angle of 14~”. It is thus
evident that the ratio of bi lane to monopkie drift grows con,

fstautly lo=! and that, at ang es of incidence larger than about 12°-
the drag er unit area is actually less for the biplane oomhination

&than for e monoplanO: This is what might be ~cted, in ViOW

of the screening of the upper plane by the lower, and ISin accordance
with the indications of other experiments of a similar nat~, but–
it is a striking faot that the relative deorea~ in we drag of the b]plane
combination should be so marked as to grm It, at. large an 10S,an

%L/Esuperior tb that for the monoplane, and the posslbdity of wmms-
ing the angje at which this ohange occti perhaps opens a field for
future investigation.

LIFTAND-DRAGCONTRIBUTEDBY THE ADDITIONOF BODYCHASW
ANDTAILTO A BIPLANECOMBINATION. ,

At ver small a.ngles the lift curves for. the biplane combination
1end for t e machine without tail are ally coincident, showing

that the lifting effect of the body and is nil, or, in other words,
that the downwash from the wings, acting on the re~ of the bocl~,
is roughly suflicimt to balance the lift amsing from threct dynanuc
pressure on the lower surface of the bod . As the angle of incidcmce
increases, however, the two ewes J“ve ., the separation flrati

Fbecoming noticeable at about – 1°, and the “
9

effect thusindicated
increases in magnitude untd, at 10°, the lift ue to the body and

● chassis is about 0.015 pound. This
T

is, of course, in exces9
of the lift which must be furnished by e bod to replace that lost

Tbecause of the containing of the part of the ower wing (abouk5-
per cent of its total area) within the body. The two curves cross at
about 15°, indicating that the body exerts an effecttopposod to the
lift of the wings from there on but tlm flow about the w-

?
is So

unsteady at these large angles }!hat the me~urement of the orces is
comparativyy inaccurate, and It would be k. My unsafe to generalize

%on concluwona drawn from such small ~ erences between large
quantities as those with which we are deahng, Wd bared on one or
two points from a sin 10te9t.

%The manner in whit lift is affectad by the addition of a taiI WN
be discussed more extensively at a somewhat later point, in con-
nection with other tests under varying conditions wdh respcmt to
the tail, It is .sufllcient to note here that the tail has a considerable
effective negative lift at negative angle~ that this decreases steadily
until, at about 11~, the eflect lwcomes zero, and Iihatat huger angles
it i~es rise to an mcreazing positive lift.

kh.e additional drag caused by the addition of body and ohassis
ramains almost constant, increasing very slowly, except at vow
large angles, where the increase becomes more rapid. lt hq at 0,
a value of 0.015 ound, as a@nat a

I
minimum drag of 0.080 pound for

the biplane cum ination, and 0.105 pound for the com lets machine.
At an

Y?
d’le of 12° this resistance has increased from ,015 pound to

0.025. twill be noted that the drag caused on the complete machino
by the addition of body and chassis is materially less than their
parasiti r&stance when tested separately-about 60 per cent of that
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quantit ~der ccmditiona of
L

minimum titmcel to speak statistic-
ally. reduction, dich is of considerable unportance in the
determination of probable ~rformmce for a machine, maybe attribu-
ted chiefly to decreased skm friction because of the deoreuxxl reIative
velocit of the turbulent air along the surfRce of the body. !l%e

isame p enomenon will later be noted in connection with the drag of
the M.

m. la.

TOTALPARAsITERESISTANCE.

In @ure 12 is shown a curve of the tatal parasite resistance with
the exception of that due to the in

%
kme bracing. The coefficient

of resistance due to body, ohassis, an tail is constant within 20 per
cent at all angles from 0° to 9°. Beyond the latter point the co-
eflioient begins to increase very rapidly, but this increase would be
partly counterbalanced, in an orthogonal biphne, by the decreasing —
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resistance of the struts and wireswith increasing an e. In a staggered
tbiplane such as the JN2, this counterbalancing e sot would not ap-

pear, as the struts are more nearl normal to the wind for a .krge

%
alm e of incidence than for a sm .

e parasite resistance coefhient foi the entire maohim, exolusive
of the mterphme bracing, at 4° th~a~ts being pounds per square

foot per mile per hour, is 0.020x ~~=0.0128. The parasita re-..--,
sietance coefficient for 8 strute, 5 feet long and 14 inohm wide, having
a fineness ratio 3, togethar with 4 similar strnta 2* feet long, is
0.0028,1 and the coeffkient for the intmpkme wires roughly 0.0040,a
making a total of about 0.02. No allowanoe has been made for the
rwistauoe of fittings.

EFFECI!OF ANGULARSE’M’INGOF THE TAILON LIFTANDDRIFI!AT
VARIOUSWINGINC1’DENCESo

For the tests re~orted in this and the following section the medium
bwly was used wdh the tails incEned to the wing ohord suocessivelv
as follows: Lar e tail, – 1°, –2°

J
–3*0; medium tail, – 2°, –3**,

–5°; small t “ , –3*”, –5°, – 7d. D&rent rangea of an lcs were
%adopted so that as far as could be estimatad in advance, t e static

longitudinal stakility-would not be ex~ve, nor would the insta-
biIit be very great, in any test.

d
sive Each of ti&ttiwgivwtiLmdDcmmfor&~tirwsc&

e results are ven by four sete of curves, fignrcs 13 to 16, inclu-

tinge of someone tail. Figure 16 is a collection of the L and D curves
for thti three tails at –3* to the wings, and is deei ed particularly
to show the results of varying the size of tail. T n averagjng of
reeuhe for the three sete.of aphs shows, what would be expected,

fthat the lift inoreasw stead” y as the negative
%

e of the tail with
respeot to the wings deoreases. The amount of t - increase, for a
given variation in tail setti

Y
does nat vary appreciably with angk

of inoidence except at v
T

arge angles md ranges from 0.010 to
0.015 pound per d

R
es o tail angle tie larger values occurrhg

on the smaUtail. e variations in eked are so small,however, that
little significance should be attaohed to the latter fact. At a +a

%close to and beyond the burble point~the curves spread out somew at,
the apparent tiect of the ohuge m setting becoming greater and
this hae the effeot of causino $d bu&le oint to ooour at a l&ger
angle of incidence as the td o%oralsbecome more nearl

J
which was found to be 41 n$es~erhour for the standard m~ine.
parallel. As a concrete exam le, we may consider the landing ce ,

With the tail set at – 1° instea of at – 34°, this value would bo
de~re~ed by ~ mile an hour-a gain hardly worth taking into con-
sideration.

At small angles the change in total drag is almost too small to
determine, although a decrease in relative tail angle has a tendency
to decrease the drag. At intermediate angles (the e~act range dd-
fming for the three tails) the three curYes merge together. At some

1 Itewroh cm Skute of VaryingFinemw Ratiq Itepoit of theB!WMAd- CumnMteeforAem-
Ileu+Jos,1912-13,p.111.
aEp#n#e.theEwfstanwo fwfreaxt epertoftheBritf8hAdvfsow Gmmlttw for AmCISUt@
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angle betweeu 6° and 12° they separate, and the drag is thereafter
greatest for the lesst angle of sett@, just as is always the ome with

.

L
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a > - ~ m

L.— CP- —

FIG.n.

the lift-this b explainable by the fact that as the angIe of set - =
9of the tail inoreases its zero imidenoe occurs at greater a@s o

the wing ohord.
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Since the ~le of maximum syeed with a 90 hompower engine

Y
for the rttachme under inves atlon corresponds very closcIy to the
angle of minimum drag, snd ence to the point where the slope of

l-i-h

81

the drag curve is zero, the maximum s eed is unchanged by what
is in effect a shiftiug of the Iift curve to &left. What change there
is will be due to the chamgein drag, but this is so slight that no vari-
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ation in taiI setting within the bounds of resson is Iikel to alter the
InSsimum

%
eed by more than I rade per hour. The e&ot on cJirnb-

ings eed be somewhat greater, as the angle of incidenoe for best
&# corresponds ~ the rising portion of the drag curve, but eveq

FtQ.1.h

here it is not considerable (probably nevw eno ah to oh
horsepower requ@d at sny

E
infi by more than ~orsepow~ ‘*

h r&mm6, it E ap went
%ln

at the effect of tail setting on the ef&
ciency of suoh a mac e as the Clurtiss~~ is quite n

Y
.giblej and

that the tail tingle should be chosen purely from consi erations of
stability.

—

--

—- —
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.
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EFFECTOF VARYINGSIZE OF TAIL,KEEPINGANGLEOF SE’_PHNG
CONSTANT.

llle curves for the machine with the three tails already described,
the tail be@ set at –3t0 to the wing ohord in ev

3
case, are plotted

in figure 16. These curves show that the lift for e whole machine
throughout ranks inversely as the sizes of the tails-that ~, it is greah
eat for the .srmdItail and least for the 1 e tail. The spat

%
between

the three curve9 is nearly constmt.
%

%~ement of e curves
in this order is what would be expeotie a~&n angles, where the
total force due to the tail is downward and the negative ef?eot is
naturalIy lesst for a tail of small area but the reason for such behavior
at lar e sngks is 1sssobvious. tie it would be impossible to draw
deflni?e conohsions without mak@ an exhaustive investigation of
the pressure distribution over the surface of the tail, the most rob-

$able h othesis to account for the phenomenon is that the own-
Pwash om the wings is less felt near the body than out in the open

and that the farther away horn the body one ets the greater the
downwaeh le beoomes. The mean downw

Y
&

+
SRUe will then be

larger for the We tail than for the small, and the lift taking account
of si ) fl alwa~ be ISESfor a large tailthan fors small one.

Tl!?e drag, too, w Iargest for the small tail at an#es equal to and
greater than 2°. From –2° to +2° the curvm m

%
e together

and at n ative smgks greater than – 2° the drag for
5

e small t.aii
is lesst. his, to:, may be accounted for by the hypothesis stated
above in conjunction with the fact &at at the points of maximum
downwash (i. e., the parts ftihest away from the body] there is
probably an actual negative dragon the tail due to edd

Yexistence of ~ressure on the top of the tad. This is ma o~~$~
the force whmh when a pair of plate me exposed in tandem kds
b dram the rearmost forward into the wind.

EFFECTOFVARYINGLENGTHOFBODYAND-OF TAILATTHESAME
T.IhDLKEEPINGCONSTANTMOMENTOF TML SU’ItFACEABO~ THE
CENTEROF GRAVITY.

The reaao: for adopting this method of testing relates ~eciaUy
to the pi

9
moments, but the radte oan be used to show the

way in whioh t and drag are aEeoted by the variation of the distance
bet-men tail snd wings.

Figure 17 re resents the lift and C@ for the machine with the
1!medium and s ort bodies, each c g the large tad at an

of %– 3*” to the wing chord, while ve 18 gives similar data o:
the medium and long bodies iR conjunction vnth the small taiL In
the cas~~~tifi~5~ lift for the two bodies is virtually identimd
ah

*
At this pointt the two lift curves diverge,

the ‘ t for the shor~}:d~ bti~ the great%, and the divergence
becom.as steadily

& v
e of inudence inoreases until

&t 16° there is a - ereuce in Iift o over 0.03 of a pound, so that
the landing speed would be somewhat reduced by shortening the
body, uite awde tiom the fact that the weight of the machine would

%be mar edly decreased by a reduction of 10 per cent in the length of
the body.

-—

-- —
—

—-.

—

.—

.
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The dra for the two is identical within the experimental error up
tom d e of 10°, be ond which angle the curves separak in the

dsame way as for the “ t the drag being
f

eater for the and body.
In the we of the small tail, the lift is a out 0.01 ound more with

3the medium body than with the long one at all an es from -4° to

12°. The two ourves then come to ether, bein virtually coincident
at an lea beyond 14°.

f
f EThe drag or the mb “um body is greater

tian or the long at all w@es, the difference bem vw ~~ at
small angles, and increasing steadily to over 0.01 pound at lSO.

These results like those of the last section, at first sight secm
Lquite unreasona le, and theh+fair interpretation requires an examina-
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tion into the actuel conditions of flow about, and in the rear of, a ..

YP &ographic investigations of the %OWabout a wing section in a
water channel, csrrisd out at the National Physical Laboratory 1
show that the fluid behind the wing, especially at large @as of

incidence, forms msrked eddies, and, on the dissipation of these,
tak up a wave motion extending backward for a considerable
distance. It is, therefore probable that thero is some point or

‘hpoints where the downwae angle ie a maximum, and a motion in
—
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either direction from these oints ti result in a decreased down-
5’wash tmd increased lift and rag. It appears that this is what has

happened in the present case, and it would undoubtm~y be found
that, if the body should be shortened up still farther than was done
in the tests with the large tail, the lift would be a maximum for some
1 b, beyond which any further shortening would diminish it.
Y he gains in eflhiancy consequent on shortening the body depend

chiefly ou the reduction in weight permitting also a further reduc-
tion in area. The direct ain in tit w small, as it was for changm in
the angle of tail setting, 3 though it is by no means negligible. The
application to other airplanee of the results obtained from this
particular set of tde is not to be reccmmended~ however, since the
effect of @nging the bod length might be qmte differentwheq a

idifferent machine, using a ifhrent wing section, was atlected.

A QUANTITATIVEDISCUSSIONOFTEE FORCESONTHETAILANDTHE
EFFEC71’SOF DOWNWASH.

Although we have now examined the. characteristic curves for the
complete mdine in a considerable number of cases (11 in all), as
well as for the machine without the tail,.we have not yet made any
attempt to oorrelata the figures for tail effect, or to secure any
measure of the downwash angle, and this subject will be treated next.

Enough has been done to make it evident that no single figure
or formula can -express the degree of downwash, which varies with
distance from wings,

Y
le of incidence~type of bod , and is not even

the same on all arts o the tail at a ven time.
e? f

L y formuke th!lt
are @ven, ther ore, m@ be accepte. with due rw-ervation as repro-
Ben

Y
ia ‘~mean effective” downwash whic~ if it tictua y corrcs-

ponde to the conditions of flow, would give rise to the same tail
effects as those observed. It is further obvious that th @urcs
thus secured will not apply to the effects of the tail on the drag curve,
as the eddying flow above and behind the tail aotually results in its
hav” a negative drag at times.

h~e 19 are plotted the lifts due to each of the three tds when
attached to the medium body at an angle at - 3~0 b the wing chord.
The wavy curves dramu in full lin~, pass through all the points with
the exception o~ one or two wkh were obviousl very far off.

JAlthough the peculiar sha e of these curves ma be ue in some part
L Jto observational errors, w “ch wpuld show for very much exag er-

%ated on such a plot as @, it w-Illbe noted that the c~ves roug ly
parallel each other, and it Mprobable that the irr
approximately a condition aotuall present.

$
%%Y$:$Y.%%:

may be acco~ted for on the hypo esis stated in corme~tion v~th .
$he @ts of ddlerent body lengths, the ~t due to ~e tad vary

Ym an mregda.r manner with the angle of mcldence, since the kmgt
and amphtude of the fluid waves back of the wing change with the
angle, and the osition of the tail with respect to the wave form is

al!’consequently tered. h a measure of aim lification, however, and
?for possible use in the framing of emp@ica rules, ideal curves have

been drawn with all irregularities removed and these lie within
0.006 pound of the more exact curves at & points. Theso faired
plots curve slightly upward, the curvature being greatest near tho
middle of the curve.
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Thecurvw for the other six cases in which the medium body was
employed were lotted in a similsr manner, and led to the ssme

Loonohsions, but ck of spaoe hss prevemted their inokion herewit&

b incomplete investigation of the effective downwash a.@e
(i. e., the difference betw~en the angle of the tail to the wind aid
the angle of incidence at which the tail, tested alone, would give
the ssme Iift M that which it actualIy contributes to the machme)

—

-.
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indicates that, as was also shown by Eiflel,l the graph of dowmvash
angle against mgle of incidence, can be at least approximatdy
mpnxented by a straight line. (In the preaaut experiments, a broken
line, its two portions meeting at an angle of incidence somewhere
between 6° and 10°, gave greater acctiacy, though at the sacrifico
of simplicity.) Eiftel’s formula = = 1+ ~i, does not, howevor, suit

our resultss! -wellas one vzitha larger constant term, the discrepancy
doubtiew being due to me presence of the body and to the use of the
flat tail, in place of two

T
in tandem. The equation of tho straight

line plot for the mdium t “ set at –3*”, for exam 10,is: cc =3* -1-&i,
and this is a fair average of the results obtained. % he are not givan

[in extmso, as they ware not sticiently consistent or comparison
to be useful.

~Nouvdka Reehw em IaRmktma de l’AiI et l’AvMcm, by G. ElfTel
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IiIFigurw 20 and21 have be=plotted the effect which the presence
of the taiI has on the total drag of the airpIane. The tit shows this
effect for the three tails in connection vnth the medium body, each
of the tds being set at 3~0, and the second reIates to the medium-
sized tail set at lts three &fFerent angles. “

The tit set of curves manifests more cleml~ a point to which we
have already called attention, that the drag M lead for the largest
tail, clearly in~catmg a region of negative dr . The drag due to

xthe medium tad falls vyy nearly to zero, and at for the large taiI
actually becomes ~egatme over a considerable ra~e of angles. The
drag increases rapldl~ as the angIe of
from in eitkc direotion.

minimum resistance is departed

Fm. !&

In the case of the curves showirg the effect of varied angle, it is
evident that, as @ght be foreseq the thee CUI”WS=e WIT nem~y

~
ard#sJKlmpo.;)

Y
displaced hommntdlywith respect to each other

&l
h y corresponding to the oh

3 T
em angle of setting.

e minimum v ues all lie between 0.001 an 0.0024 pounds, the
diflxence being well within the probable experimental error in tiew
of the indirect method b which the @urEs were ob@@d. Tak@

c1an average value, we fln that the drw due tO the tall E a *UM
at or nem that angIe of incidence at which the angle of the tail to the

%
ath of the flight is +4°. Ih other words, the smgle of minimum
ag and the angle of zao lift due to a symmetrical tail t-ted in the

presence of the wingg are very far from ooinoiding, the latter being
the greater by several degrees.

291660+. Doe.lX$ 63-~

.

—
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EFFEC1’OF SIZEANDSIHT’INGOF TAILON STATICALLONGITUDINAL
STABILITY.

We are now able to consider the stability of the airplane and the
manner in which it is affected by variations in the design. This
stability is best investi ated with reference to the moments about the

%center of gravity of t e. mac$iue sa the popular vector diagram,
ii”while it oesessesthe ment of wmp city, does not give a true criterion

$of stab- ty except at the le where the machine is in equilibrium
Ywith the elevator neutraL n order to insure staticaI stability at

all angles the pitching mommt must alwa~ decrease (the positive
sign being given to stalling momenta) as the angle of incidenw
incream, or, in other words, the slope of the moment curve must be
negative throughout the range of normal flight snglea. On the other
hand, it is obvious from amoment’s consideration, as well as deducible
from Bairetow’s solution of the general stability equations, that the
slope of the curve should not be excessive as too much statical stabil-
ity results in a very short pitching perio~, which is uncomfortable for
the pilot. IJkra4able machines me also sub-ect to the disadvan-
tage that they require large elevdora, moved tlro ugh a considerable
range of sngle, to balance them at angles of incidence far removed
from the normal.

The com lete machine was tested under 11 different conditions,
L!M already ascribed in detail in connection tith Iift and drag. The

momauts about the spindle were measured with a calibrated torsion

tire according to the usual procedure, Sime so much depended
Lont eflowof air fromthewi

%
to the tail sad since it was feared

that the straight spirde gener y employed might unduly interfere
with this flow, it was discaxded and an offset spindIe, bent through
right sngles at three points and passing iuto the bottom instead of
the side of the body, was substituted. The position chosen for the
spindle ave a center of rotation, about whmh the momeuts were

%measure ,
i
“ust above the trailing edge of the lower wing. The

momenta a out the center of gravity were com uted by a process
iexpla.hed in detail by Dr. Ehmmker’s aper,l aa which need not be

%gone mto here. The renter of gra~ty as been chxwmn,in every case,
m such a position that the madme wgs in equhbrmm at ah
of incidence of 2°. TThis necessitated using a ditlerent osition o;

Ethe center of gravity in each case, the extreme movement sing about
one-fourth iuch on the model, corresponding to 6 inches on the
machine.

The resulting curves are lotted in figures 22 to 25 the moments
&being reduced to foot-pouu yer unit mass (slug). Tke mass of the

Curtws JN2, read~ for flight m 55.9 SIU . It wilI be seen that they
f %that there are no abru~tare very mrnik.r m genera shape, an

decreases b slope except in the case of the medium tail at -2°. n
this case the discxepanc with the other curves is very robably due

J ?to an error. The stab” ‘ty, represented by the slope o the moment
curve, ia al-waysleast at or near an angle of incidence of 3°.

The curves speak for themselves, and it is difEcuIt to draw any
speciiic criteria for stability, especially since the degree ofimtatical

p.$ofmrenthmfmlkmdu; L.
%&’:&&,’’i.’.~w ~~ =.:F%%%m%p%% theNdkmsdAdvisory (%mmitw ferAerma
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dabiIity to be wished for is not ddnitely Imcwu. All of the cases
tested give satisfactory stability. It isa srentthrit adecresseof
10percentin thesize of thetaiIhss sn $ ect equal to that ofs de-
cresse of !2° in the angle of setting, snd a consideration of all factors
of stabdity, cuntrol, etc., would seem to point to the use of a tail of

large size set at a small Ie relative to the wings. W recu~en-
%7dation is fortiiled by the ecressed drag from suc~ an qeqent,

this factor done b
Y

enough to balance the slight nmrsasem we ht.
JEven with a td of e print size the sngle might be decre to

–2° without prejudicial rmdts, and the ease of motion would proba-
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bly be improved. These latter oints wiU be irrvdigakd further in
1?

L
connection with dynamical sta Uit .. The mtium mgle of inci-
dence likely to be attained is 14°, t oormsponding to a epeod I-9
than one-half mile per hour above the absolute -urn. At tlUS

angle, with the standard arrangement of tail surfaeeaand with tlm air-
plane baIanced up at 2°, the moment about the renter of grady is 68

E
ounds feetperslug,ora tit~ m~m~t ol~.,~~ Pomds feet” ~~ mwt
e overcome by the elevator, requirin a foroe of nearly 200 pounds on

the elevator. %On the other hand, w en the angle of tail setting is
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reduoed to –2°, the totel moment is onl 2,330 pounds feat, per-
mitting a decrease of 25 eat in the ei!&dor load. With a tail
10 per cent larger than K’ normally used, the same body length
being retained and the tail being se! at – 1°, the stability is still
quite sufiioient and the tatal moment u just und= 3,000 pounds feet.

.

‘1%.eangular movement of the elevator will, of cmme, be reduced in a
still greater roportion @an the loading, since the contzd area is
increased. A ese moments would be somewhat k if the airplane
were baknoed with respect to an angle of 3~0 (the an@e of ti wing
ohords to the tip longeron), since the oenter of gravity would then be

.
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moved back nearer the 14° vector. A baelmrard movement of the
center of gravity, too, has the effect of decreasing the stabilit , sinc~

%the change in moment arm is the same for every veotor, ~d t e mo-
menti are consequently most inoreased where the forw B greatest;

Fm. !a

L e.,at large angks of incidence. The.result is to flatten the momen
curve.

For the sake of corn leteness, and to facilitate comparison wit
Lother mwhines, the vec rs for the JN-2 have been superposed on tb

,
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k
side view in mm 1, and &vector diagram for the biplane combina-
tion hes been mninf@re26.

EFFECIXOF LENGTHOF BODYON STABILITY.

F~e 27 shows the momenta for the JN2 uipped with the stsnd-
Terd body aud with the long and short bodiw, t e tails used being such

that the roduct of their area by their &stance fmm the center of

r
#’vity o the machine W- the same in the three cases. It would

en ap ar that, if the angle of downwash were the same in the three
csses, E e moment curves shouId be sensibly identic~ and this is
aotually the case. The short and medium bodies gave rnomenfs so

\

&d%$*

WI VECIZWID/AoceAM
J%R &PL&N#E co.uatNAnm

1)

Fm. 26.

nearly the same at alI angk.s that one curve represented both sets of
points, while the stability of the long body combination with the
d tad was~~htlyks. baprevious section we have disous.sedthe
angle of downmsh, and deduoed that it varies somewhat with the
length of body, and that the effectiveness of the tail surface atso
varmswith its distanoa awayfrom the body. T%eseand other similar
efkts are aUsmalI, however, and it appears that they virtudty bal-
snce each other in remeet of momenk.

—_
.-

—

—
—

In figure 28 iwe
A

ckd the moment curves for the long and me-
dium bodkin 00 ination with the small tail at an angle of —3~0
to the wing ohord. The stability is greatest f6r the low body as
would obvioudy be the csse, but the efleot of ohan#ng length is ~ess

.



312 RF~RT NATIONAL ADVISORYCOMMITTEEFOEAIXONAUTIOS,

than might be expected, and the inevitable conchsion is that, so far
as statical 10 itudimd stability is concerned, ~ considerable decrease

?in the length o the body over presentq?raotice ISpermkble, and may

FIG. 27.

be Btronglydesirable. Of this{ toq, we can speak with more certainty
in connection with the detarmmatlon of dam ing coefficients and the
study of the @OdiCity and damp% of L e general longitudinal
motion.
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THE EFFEC7JXOF THE VARIOUSlZLIXMEINTSOF AN AIRPLANEON
LONGITUDINALSTABILITYAND TEE PLACING OF THE FORCE
vEcroRs.

Altho h the above subject was not extensively irmdigated, tasts
%were ma e for the single wing, for the biplane combinatio~ aud for

. . .-

the machine complete =cept that, the taiI was lacking. The results
of these experiments have been plotted in two different ways. In
-e 29 we have plotted the travel of the renter of prEWUMof the

Ie wing and of the bipkme omnbination, the latter being defined
T e point of intersection of the foroe veotor and 8 he parallel to
%e chord of the wings and mid-way between them. The chord of
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the biplane combination is limited by the lines connecting the lead-
ing and trsding edg=j respectively, of the upper and lower wings.
Secondl , figure 30 shows the moments of the biplane combination

Jand of e machine with tail removed, +e momcmtsbeing referred to
the point located as the center of
with medium tail set at —34°. &:n&:L%{:K::d*.E:k?:;
two wmtities is also plotted, this representing the effect of body

$and c SSSiS.
The tramd of the centf3rof pressure is closeIy similar for the sin#e

win and for the biplane combination (with struts, of course, m-
fCIUed) is very similar, but the biphme center of pressure is slightly

farther back through the greater part of the range, the maximum
separation in this portion being about 1* per ccmt of the chord.

F’m.29.

The biphme curve turns law abruptly as the angle increases, so that
at large anglea the center of pressure is farther back for the sin le

%wing. !l?hedotted line in this figure reprawnted the osition of t e
Jcenter of gratity of the machine under standard con “tions.

J?rom ii
Y

e 30 we see, w is equally obvious from a cursory in-
spection o the vector dmggam for the complete machine, that the
blpkne combination exerts a di “

%
moment about the center of

gravity at all tiglw of incidence. e machine without the tail ex-
erts an even greater diving moment at all poinq, indicating that the
s’
+%?s

of the moments due ta the body and chrwas is always ne ative.
5‘ is due chiefly to the resistance of the chassis, centered far elow

the center of gravity. The moment due to the addition of the tail
is zero at between 10° and 11’. ‘lMs angle of zero pitching moment
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checks with a fair degree of accuracy with the angle of zero tail lift,
already determined. Nthough the slo e of the pitchin~ moment

!curves for the biphme combination and or the machine -wdhout the
tail is everywhere n

Y
ative, it must not be inferred that this indi-

cates stabihty. Thes ope of the curve is a satisfacto criterion only
Twhen the moments are reIated to a oint at which t e s@em is in

1’equilibrium at some normal angle o incidence, and this is not the
case here, as the momenti are everywhere negative. If a moment
&s be chosen such that the moment about it is zero anywhere
between - 2“ aud +200, it will be found that the curve has a positive
do e through at lesst a part of its rqge.
a % order to define the position of the center of gravity of the
machine, and to furnish a guide to designers in choosing a position
for that point which will give eqyilibrmm at the desired angle of

FIG.al.

incidence, a .fie has been drawn connect&g the cent- of pressure
of the two

Y
m @ 2°. The horizontal distance between tie middle

of this Iine u the 2e force vector was then measured and mtitiphd
b~ a proper scale ratio to convert it to fill eize, thus giving the
&stance, m a horizontal line, from the m.eu center of pressure of
the wings to the center of avity,

3
~~ that the airplane flies

at 2° incidence with the evatm neutral. The same process was
carried through for each of the casEs,both for 2° and for 4°, and the
distances are tabulated herewith. The center of

F
tity was as-

eumed to lie on the line of thrust, but the vectors or the angles in
question are so nearly vertical that any reasonable raising or lowe “
of the center of gravi Trdative to the wings will affect its fomand- t
location onIy a vwry &“ ht degree. The center of the line connect@
the individual centers of pressure df the wingg wae used to locate

.,

.

-—

.
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the datum plane in preference to the center of prwsure of the biplane
combination, aa it is much easier to seoure information on tho center
of pressure travel for a siqje *of a given section than to secure
similar information for a combination of two wings.

M* ... . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . ..m........... Smn....
............................................................ ... .....

Do. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...?O......1= .
%:::::::::::::::::::::::::::::::::::::::::..-do . . . . . .
Do. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..do . . . . . .l?l #19
no . . . . . . . . . . . . . . . . ..= . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .I%2::::1iI l! I fDo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .

‘dom?::::::::::::::::::::::::::::---::::::::::::::do::::::
31

14 8

kg .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SImJL. . . .
la 8
la 6

This table shows that the position of the center of gravity ta give
eq@ibrium at ~yjj~~ omt and

f
le is nearly independent,

mthm reasonable hnnts, o the kmgth%the body and the size of
the tail. It is, however, materially afTected by the angle at which
the tail is set. As the angle pf equilibrium increases, the required
position .of the oen~ of gramty. a~proaehea the oenter of pressure
of the wings alone wdh great rapldlty.

.
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PARTIII.

DYNAMICALANALYSIS.

By ALEXANDBE KLBMIN and EDWARJJP. JVAECTEEandGEOP.GEM. DENKINGBE.

FUNDAMENTALPRINCIPLESOF DYNAMICALSTABILITY.

Before t .
Y

up in detail the dynamical stabiIity of the Curtiss
~2, we shall rietly tabuIate, for purposw of reference the wdl-
Imovm principles on which the treatmeut of dynamic~ stability
de ends, and shall disom the methods of applying those principles.

!tt has beeu found by Bryam and other investigators that the
general equations of motion of an airphme, with symmefry taken
mta amount, reduce to two sets of equations of the fourth d

Tin k, A being the Iogtithmic incmmeut or decremen~ of the oqc a-
tion, one of whioh equations corresponds to
nal, the other to asymmetric, or latend, oS;?4&e;ZZ?;
these equations clas not enter into the preseut investigation in any
form, and we shall not discuss it. Before pro-to an emmina-
tion of the Iirsjt,it is n-

%
to describe the notation adopted.

The origin IS hated at e ceder of gravity of the airplane.
The three mutually p~endicukm ax= of reference are fixed m the
machine in such a

r
itzon that they tire parallel and perpendicular

to the reIative win when the maohme is m steady horuontal fl&ht-.
They therefore ohange their position with respect to the earth se
the airpkme osdIata9. T?hen there is a change in speed of flight,
however, and COnsequcmtly.in e of incidence, the axes ch e
their position in the machme.% %ase axes are denominated
z, y, and z axes, and the forces pa@lel to them, respectively, are
called Xl Y, and Z. The z a.ms ~ parallel to the rdative wind,
the ~ sm.e is paralkd to a line connecting the wing tips, end the
z am is vwticaI. The moments about these axes are denominated,
rapedively~ L, N, and N. The com onente of velocity ‘parallel to

$the z, y, and z axes are called IL,v, en ~o~ , q, and r, similarly,
are the components of angular v-eloci

!$
t%ese axes, and corm

spending to the momentmL, M, and
It has been shown that the longitudi&d motion maybe considered

as entirely independent of the side slipping velocity v and of the
ac~~ckvcitiw of roll and -yaw= and. r. This is not strictIy

T
case, a side ah . having a distkct influence on the

dreg, and a m afkcting both Eft and drag, for exam Ie, but it is
neceary to make the approximation in order that 8 e equations
of motion ma simplify as described above. Each of the five coef3-

%oients in the iquadmtic may then be writtan as a function of one

sG=bfH&inAviati,by G. K Bqan
317
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or more of 11 quantities-the speed u (negative when tho machine
is moving forward in the normal mm.ner), the radius of gwmtim
about the u axis K~a, and the nine resistance derivatives ~~, Z=,

M,, Xw, Z., ilfm, -Xq, Zq, and ilf~, X% representing ~Y. It is

found that Xq and Z~ are so small as to be ne@igible, and df. is
zero, since the moment about- the center of gravity of the airplane
due to air forces is zero in horizontal ftight and therefore will not be
fiected by variations in speed.

Our eleven original quant.itiw are the reduced to eight, and the
emftkiente in the equation ~4+lh’ + Cl’ +lh + 3-0 may then be
written in the following form:

A=&’

B = – (Mq +XJiY+ZJL?)

Eg.-

Kn’(x&w–Zaxw)
o
u =“”- Jfq(xJw–z.x.)+ Ux.kfu

Mq

COMPUTATIONSOF EE91STANCEDERIVATIVES.

The fit ste in comput”
$ 3

the resistance derivatives for a speaific
airplane ie to etermine X, and X for each angle of incidence at
whmh the model was tested, Ad to. lot thwe against the angle of

d!pitoh away-from the position of eq brium. To avoid the appear-
ance of mase in the stability equations, a~l forces are reduced to

The transformation is made for X and Z
~%$’~h~o~c?%he equations:

X= D..Gos6–Lsin O
z =Lcose+Dsine

‘b% ‘he we ‘f ‘it&” ~ “hod 0’ “’tw ‘b ‘re+dybeen escmbe m the &t art of tha report, amd as been earned
through for all the oases un er examination for au an@e of incidence
of 2° and an lea of itch extending from –& to +18 .

%XU and ~ may e readily calculated from the fact that all the
air forces on a macbine vary as u=. X therefore equals &z and Z
equals @a. Differentiating the fit of these, we have

To detarmineXu, 2P, and H_, it is necessary to cm.widertheir physi-
CR1m-. A vertical velocity w, compounded with a horizontal
flight-veloclty Z7,resuhs in a fhght path inclined to the horizontal

at the m@e: –~u-’y. If the angle of the airplane with respect

to the earth remains un-dmnged, in accordance with our assumptions,

the angle of incidence will be inoreased by tan-’ ~. Since
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w is always small in comparison witi U, and ;e may, therefore,
68

write, without serious error —=
1 8X

3&w V*.~ may be obtained graphi-

cally, being equal to 57.3 tirma the dope of the X –curve in units of
~~3e p~degree. 2. and ~m, simdarly, are giveu by the expressions

e.a~dy.%.
The onIy remaining resitance derivative is ~, the damping

coefiient of pitching. This is secured by oscillating the model in
a current of air, measuring the time required for the ampIitude of
the oscillations to be dam ed to a certain predetermined degree.

1The method has been fully escribed ekewhere,i and will not be gone
into here.

The soMion of the equation of motion for the osdhtor reduc= to:

lc)& $=$. where t is the time required to damp the angIe of swing

from 80to o and 1 is me moment of inertia of the entire oscillating
mass, ctdculated by t“

3
the periods of osdation with the oscillator

counterweights in two “ erent positions, and ehninating the effeot
of the springs betweau the two equations thus secured. The masi-
mum ampIitude of oscillation is about 3° each side of the equilibrium
position.

Bairstaw has shown 2 that Y, the dam ing coefEoient, is a function
?of PI+ where 1is any linear dimension o the maohine, this deduction

being based on a strict pro ortionality between the air forces and
thes uare of the speed.

%
$ he above relation, in so far as it states

that e damp-
3

cdlic;ent vafks as the tlrst power of the spe~,
is in close acco with the rewdta obtained b oscillat.

f Yments at dHerent s~eeds for the complete mode of an airp m~b~t
the dam %U ooeflicmnt for the apparatus alone vark with thes eed

3in a hig y wregular manner,
w

Enearly constant at speeds of om
20 h 35 rnik per hour, beyon which points it charges rapidIy.
This behavior is in accordance with that indicated by revioua tests

Fwith the same apparatus, as is shown by the positions o the observed
points with reepect to their curvas, although i! has aIways been
assumed that the discre anciee from a straight hne were caused by

1experimental errora an such a be was drawn through an average
of the points. k tie prescmt experiments, since E for the com lete

Cc&model ISconsidered to be direetly pro rtional to the speed, a m an-
ricaI method of fairing the curve an obtaining I

5
has been substi-

tuted for the device of plotting dl the points an drawing the Iine
by eye, as has formerly been the custom. P was found for each
cwe at seven difFerentspeeds, ranging from 12 ta 39 miles au hour,
and wes divided by the speed of teet, thus “ving the damp”

~ Y
coeffi-

cient at 1 mile an hour. An average of e seven m.lues o tsined
for the sewn diihrent speeda was imen taken to be the true value

.—

—

&i%%%i8$$%=wNatknmlAdvhry LwJIMImforAemnsz
of IuborentLm@wiinsIt3tsbflttyh s T M ;@mkI by J. C. HnnsakeE

%&l*Tbe E.. rfmenti Daterm.LnatImof Rotmy Ccef.Ecfen@by L.ecmd
AdTfs?zg%nmfttmflx Amnmtfc9, Mm-la, p. Ii&

.iow:Iiqort of tba Brithh



320 REPORT NATIONAL ADVISOEY COMMITTEE FOR AERONAUTIC.EL

for 1 mile an hour, exce t where one or two of the values were so far
Efrom the rest as to be o viously wrong, in which case three aberrant

values were omitted from consideration in making up the avera e.
%This method also has the advantage that the mean deviation of t e

individual W&MS from the average gives an excellent quantitative
measure of the accuracy of the run. This deviation was ahnost

always found to be l~kthomm: er cenk Having found this unit
damping coefficient,

2
{
ill

multiplying by the fourth power
of the scaIe of the mo el and by e speed, dividing by the mass of
the airplane and changing the sign, since .&$ acts so as to resist
pitching.

SOLUTIONOF THE STAMLITYEQUATION.

Since the motion is oscillatory, the roots of the biquadratic sta-
bility equation will be complex, and will occmin pairs. The substi-
tution of sny-root in the expression = e~~ti@v$ethj roduct of an

%lnexponential, the exponent correepon “
f

a.? part of the
root, and a t “ onometric expression ipvo vin~ both sine and cosine,

Tand therefore awing the period 2r, the maggtude of the an 1- (in
radians) correspond to the hmigin~ part of the root.

%
1?n order

that the motion may e a dam ed one, the real parts of alI the roots
%must be negative, and the con “tion for this is, as demonstrated by

Rout.h ‘, that all the coeilicienta in the equation: ~k’+lh’+ (7As+
DA+ E=O, must be ositive, and that the expression BCD–AP -

illlPE, known as Rou ‘s discriminant, must also be positive. The

Y
titude of Routh’s discriminant is frequently taken as a criterion

of t e degree of stability, but it is not entirdy satisfactory for this
P

T
ose, as will be shown later.

&stow has showns that this equation can be so factored as to

f
“ve approximately correct roots, since the valuea of the coefficicnta
o not vary widely in modern airplanes of standard type. . The

solution is as follows:

(‘2+:’+w+RKl+9=0
The fit factor corresponds to a short and heavily damped oscil-

lation, the second to one of much longer period. If there is any
instability, it appears in the latter motion. It is evident that, If

the second motion is to be stable, ~–~WE must be positive, and CD

must therefore be greatm than B-E. ‘%is is a somewhat simpler,
although lws absolutely correct, criterion than is the use of Routh’s
diecriminaxlt.

( ?
The above product multiplied by A is: Ax’+ B+A~–fl$& h’+

(i 9
. ,

O-!-~-?-B$-PT ha+~+31=0. In order that this may be

i entioal with the origin~ equation, the conditions: CD==BE and

AE+BD=~Emuet be satisfied. These conditions are incompatible

unless AE= b, which is manifestly impossible in a statically stable
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machine, as neither .MWnor Z= mm be zero in such an airphme.
Bakstow’s solution is therefore nevw

●

P
ectil~correct, but it is dose

enough at all times to be of great v ue, whmh is all that has ever
been claimed for it.

It has already been stated that Routh’s dhrhninant is not a
satisfactory measure of stabili~y. A better quantity for this purpose
can be obtained in the foIIo

Y
manner.

The most satisfactory basis or a single qrtion de&@ the
degree of stability, is the percmtage of dam@ng during one complete
Osculation. A large VaIue for this expmon 1s h be desired, as it
iuvolvw heavy dam ing in combination with a ~o~- period, ~th of

m!whioh make for co ort and safet .
“O&o E&Y:Ts;;?#!;% “;.jdepends on the ratio of the pen

amplitude 50 per cen~,both of which quantities have been detemnimd
for every mse inve@ated. If we write our quadratio in the form ..
kZ+ah+b=O, the period equals --&

T

and the time to damp orte-

hdf W@S %. b~= a
—

~-
, where ~ is a constant, and, —

———
substituting their true valuea for b and a, ~=

..-

this expression is a mwrimum when

J+::

‘CD~~~2 will therefore serve as the d~ed measure of stability.

A word of oaution is necessary to the fiect that this does notfurnisha
means of distinguishing degrees of instability andthat, of two machines

Y
‘ving negative values, the one for which t~ value is algebraically
argest (nearest to zero), maybe the more unstable of the two. Only

powtive values, therefore should be taken into account. To mim-
mize the effect of instab&y it is desirable that the product of the
period and the @me to double m ampIitude, not their ratio, be a
maximum,

DYNAMICALSTABILITYOF THE CURTIS$JN2.

The resistsmce derivatives were computed and the stabiIity dis-
cussed for each of the 11 d&rent combinations of body aud tail
which were made up. The machine was also placed on the oscillator
without a tail, in order to deten@e the amount of damping, or the

R
roportion of & due ta the

T
body and chassis. It would,

owever, have been useIess to m ~ oomp~ete stability cakdations
in this condition, as it is obvious that a machine which is unstable
in a statical sense can not poasms dynamical stability. The csl-
cuIations have all been made, as in the case of the statical work and
the reduction of the center of gratity, for an angle of incidence of
2°, corr~ponding to a

3
eed of slightly over 60 miks er hour.

kVe9 ~ atlons by Dr. J. .
%

%Hunsaker ‘ have shown thati t e degree
of stab .ty of any given machine fails off rapidly as the speed de-
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creases, and that all typical machines inves - ated became unstable
!$?in respeot-of the long oscillation at some apes greater than the mini-

!$mum attainable in “ t. An intmnmdiate angle cor&ponding to
a good climbing ape , was therefore chosen for &e present experi-
mds.

CaeeI.llediumbod ,mnalltailat–
~& ~~~bo&d&=aC?;

(3MSIV: Mediumbody~mediumtail; –“&’.
CaeeV. Mediumbod,mediumtailat– “

?0:GueVI. MediumlxJ, mediumtailat-
&&~ I&~=J##&il#cl;. .
CsssIx. i&?&mbody,I&e tailat –G”.’
CaseX. Shortbod,kugetdat-tl 0.

4CaeeXI. IanglxJy, smalltailat– 0.
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The curves of X and Z are plotted in figures 31 to 34.

TaLE L-Tulndation of reahtum hiti”l!u.

—
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All the values above were obtained by direct calculation from the
observed forcas, mommts, and damping- times, with the exce~t~on of
those for MT These are faired values a few of those o

%%secured being slightly inconsistent with &e rest. In no case
fairii alter the value by more than 3* per cent.

DISCUSSIONOF THE RESISTANCEDERIVATIVES.

.Xti variw only elight~y. It increaees,with the @e between the
wings and the tad, and umreasesvery ahghtly with sue of tail. It is
greater for theshortbody than for the long. ‘l?helargest and smallest
valum among the 11 are separated by less than 5 per cent.

Z. is inversely proportional to U,aud calls for rm special comment.
The maxinmrh variation here is less than 4 er cent.

fX. Zw, and M. are determined much es accuratel than X

i~or~ate. xwv~es~a~y~&arm-er*&:~G:
and ~=, as they depend on the slo e of the curve, no ton



EEJ?ORT NATIONAL AIWISOEY CQMM.ITTEE J?OE AE!EONAUTICS. 325

of about 12 per cent. Errors in the delamination of &k quantity

J
ma account for a large art of the variation.

.Slsovariesirr d arl , but not so badl , showing a general

tendency to increase with J ?e absolute value o the tail
%The behatior of the momwdi curv~ and the v~ation ~f . e$rslop=

have already been diecussed. ilf. mcrease9 mpNUy wrth mcreasmg
tail angIe and with increasing size of tail. ‘I!he only serious discrep-

ancy here is in the valuee for the huge taill where the change in the
slope of the moment curve due to a ohange in tail

*
efroru —1°

to – 2° ie almost negligible, compared with that arieing om a cbmge
from –2° to –3+”.

The most interes “
9

of the derivatives, however, is the damp-
coefMmt, M. The amp-

lh %
3action on the tail is generall assure

Jto arise from e fact that w en the airplane is in pitch e tail hae
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.

angle of incidence due to the pitch. If the truth of this hypothesis
be admitted, the dam iug momente should vary as the square of the

fdistance fkom the ta” to the center of gravity, and should also be
proportional to the area of the tail. In eometrically similar ma-
chines, therefore, the damping coefficient % ould var as the fourth

f
ower of a linear dimension, a fact which has dread

d
i een remarked.

n varying the length of the body and the size of e tail simultane-
ously in accordance with the convention which we adoptad, tho dam -

8ing coticient should be directly ~roportional to the length of e
body, and it will be seen that the r? resents the actual condition

Jwithin the limits of experimental error allowance is made for the fact
that the damping does not all arise from the tail. A quantitative
discussion of this point {the distribution of dam ing between the

&elemente of the machine) ~$eti~~$pon at w er place. When
the tail area alone is

9 3
increases with area, in-

deed, but the increme in amping, especi y when the la e tail is
%substituted for the medium one, appean to be considers y more

rapid than that in area. The changing of body length alone also
causesa variation in damping moment more rapid than would be indi-
cated by a strict adherence to proportionality to the square of the
1 th.
Y he most striking feature of the damping coeflicienta, however,

is their variation with angle of tad setting. J.n.every wel even
before my fairing was attan tall the value of ~g mcre~ed With tie

t%angle between the tail and e
T

, a result which is in direct con-
travention of the damping hypo C& which we have already de-
scribed. It has never been conclusively demonstrated however,
that the force on a plate at-a fixed angle of incid~ce is de same as
the instan}aneoueforce when thqangl~ of incidence u-constantly vary-
ing; and llrmay be that there n an inherent dampmg force arising
directly from a change in the type of field of flow. Such a force
would uqdoubtedl vary with the m cmitude of the direct force on

i %the tail, and woul therefore give the o served result.

COMPUTATIONOF KB’.

The radius of gyration under each case was computed on the fol-
lowing assumptions:

(1) Changea in tail angle have no effect.
(2) The weight of the tail is proportional to the area.
(3) The weight of the body ia proportional to its length (for small

variations).
(4) The radius of ~ation of the part of the body behind tho centar

8) The derencebetween the moments of inertia of the various
of avity is roportional to its length.

tails about their own respective centers of gravity is negligible.
The radius of

w
ation for the JN2 in its standard arrangement has

been very carefu y calculated, and the computation has been checked
:% ;e~ing the complete machine? the rewdt being very nearly

“A ta&dation of the other cases, as calculated from the standard
radius of gyration and the assumptions above, follows:

: :pStsblIlty d Aeroplsms,by J. C. Hunssker.
1E et exers4SUIunaUepm unvent rmptdement,by CmrLLa y: LrJTs&nlqne Madsrns M

~ ~kal B~Isne, by J. 6. &#&;rimentsIAnal Iaof InhsrsntLm@tudhsl Stsbility ors T
Fimt%kd RsPort 0t%U3 Nsthd AdvisoryCmmntt40sfurAerrmsutu3,p. d
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FORMATIONANDSOLUTIONOF STABILITYEQUATION8.

Each case has bwm treated se arately, the cmthcients of the
2biquadratic being computed from e resistmce derivatives and other

quantities previously gin%, and th~ period (p), time required to damp
h 50 per cat of the owlm#t.~e (t), a~pwc~tageof damp-
ing in one completi osc ation ( , being com uted for both the long
and the short oscillations in accordance with airetow’s approximate
solution already describetL

Case ~. Medium body, small tail at -31°:

A=33
B =226
C=598
;==

.

BCD-AD-BE=82XKF

Short oscillation: h’ +6.78X+17.96=0

p=2.46 SW3. t= O.205SW. d=9~.98 per cent.

It is evident that the period of this oscillation is so short and the
dam kg is so heavy and so complete that its existence would be
har~y perceptible to the atitor.

Img osciUation: A’+O.1O3A+O.O885=0

whence
h = –0.0515&0.293i

p=2L4 sees. t=13.5 WCS. d=66.6 per cant.

The stabiIity hem, while much less than for the short oscillatio~
is still ampl sufbient for safety and comfort.

CW II. &ium body, small tail at –5° :

A=33
B =233
c= 684
;=:;

BOD –b’ –BE= 107x 1P
short osodlatio?x P= 2.18 woe. t==o.199 -. d =99.76

T.& ~~tion: p =20.4 sees. t==13.6 sees. dT64.7
per cent.

—

.-

.

—
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Csee III. Mediiu~ &dy, small tail at -7°:

B =240
0=802
::1:: “

BOD–AIY-B’E= 160X 106.
Short oscillation: p-1.89 sew t=o.193 Seca.

per cent.
LoyrO&y: p=19.65 sea. t=13.1 Sees.

Case& Medi&nbody,raedium tail +-2°:
A= 34
y;

D- 72
E= 45

BoD–AD’-B~E=7o x 106.
Short ciscill.ation: p= 2.7 am. t=o.2ol Sees.

per cent. -
Long osn$fiation: p =23.1 seca. t= 16.1 eeos.

Fc&se .Mediuja?mJy, medium tail at –il*”:
.

B=242
c= 736
D=1oo
E= 74

B(7D-AD3-BZE= 131)( Iv.
Short oscillation: p =2.10 sees. t-o.195 Seca.

peroelq
Long osculation: p= 20.1 sew. t= 13.5 seal.

Caae ~~M-&body, medium tailafi -5°:
A= 34
B= 250
0=819
D=112
E= 89

.

BOD–AD’-lPE= 169x 106.
Short oscillation: p= 1.93 sece. t=o.189 Sees.

IA; ;Yckation: p= 19.3 sew. t= 13.4 Sees.

&er Oent.
Csse . Me~~ ‘b:dy, krge tail at -1°:

B~262
C= 725
D=z 97
E= 59

BCD–AW–IPE= 141X W.

Short oscillation: p= 2.43 em. t= O.185sew

Iii?
er cant

ng oscillation: p= 22.1 sec8. -t= 13.25 sew
per cat

.-

d=99.89

d= 64.7

d=w.9

d=65.3

-.

d=99.9

d= 64.4

d=99.92

d=63.1

d= 99.99

d=68,6
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CaseVIII: Mw#~i35mdy, large tail at – 2°

B =270
0= 758
D=lol
E= 60.5

13m-DX-.&E=l59xl@.
Eliort oscillation: p= 2.42 sem. t= 0.179 geca.

per cent.
Long oscillation: p= 22.7 sees. t= 13.25 Sees.

—

d=99.99

d=69.6

&iiicent. -
Ckse . Me&A~ ~dy, huge tail at – 3$0:

;=;%:

&28
E= 93

BCD-O-IPE=261Xl~
f5hort oscillation: p= 1.90 sem. t= 0.173 sees,

per amt.
I.eng oscillation: p =20.3 sew t= 13.1 sees.

Ckse ~e~<o%~~~ large tail at – 3*”:

B=236
0= 752
D=-101
E= 74

Bi7D-Aw-i9E=135 xl@
Short oscillation: p== 1.99 sea. t= 0.191 sees.

per cent.
Long osoihtion: P= 20.3 sem. i= 13.5 seca.

23a cent. -

case . Lo body, srnd tail at –3&”:
3 = 36
B= 204
c= 737
D= 99
E= 63

BCD –ALP-WE= 144x NY
Short oscil~ation: P= 2.36 sees. t= 0.191 Seca.

per cent. -
Long oscillation: p= 21.8 seca t= 13.5 sees.

per cent.

d=99.95

d=65.8 —

—

—.

.—

a=99.93

d=64.8

d=99.98

d= 67.3
,

On reviewing the above cases it is seen that from the int of yiew
of dynamical 10 r.tudinal stabiIity, it is evident that a these s t

% %variations from e normal ‘ve entirely satisfactory results at e
Ymedium speed for which ana yses were made. The short oscillation

never gives any trouble, and, rndeed the piIot would hardly be able
to peroeive its existmce as an ax iliation. Nthough there are dis-
tinct variations in the ~riod and strength of dampmg for the long
osoilktion these variatmns are small in magnitude.

‘We shafi, somewhat later, treat the eilects of variations of certain
derivatives on dynamical Iongitudind stabihty, but in retiewing

—

—
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these 11 cases, where eve “ changes at once, it is only possiile
to draw the most . In increasin ~t&&@$e:

ftail setting, passing rem Case I b HI, Rto VI and d
is manifested a anerd tendency to shorten he period of thb long

toscillation and ecrease the time re uired to damp one-haIf. The
1percentage of damping in one oscil ation decreases somewhat, so

that the net tiect of such changes ma be considered to be unfavor-
%able. An increase in tafl angle brings a out a considerable increase in

M., the static right% moment, and a alight increase in .MQ,the
damping moment. It B evident at once that the fit of these changes
wiIl decrease the period and that the second will decrease the time
re uired for dan@ng.

k. effect of tad area was less than”mighthave been anticipated.
There was a general tandency to decrease both period and damping
time with a larger tail, the angle bein” ‘kept constant.

&A comparison of CasesV, X, and XI ows that the period increases
m the length of the body 1sincrmsw$ the tail area bmng correspond-
ing decreased. The damping time, on the other hand, is abso-

rlute y identicaI for rdlthree cases. When the body length in increased
without changing the tail area there is, again, surprising Iittle

Tchange. Such as there is is a genera! im~~emranntitirough a ength-
eningof period, a decrease of dam

27In short, it ap~am that cmsi era k rn.~~catiob can be made
in the size, plaomg, and arrangement of the tail surfaces without
serious adveme effect on dynamical longitudinal stability at moderate

8
and hi spwds, and that these detaiIs may be chosen prhuafly
from e standpoint of weight, mrod~amic efiiciaucy, maneuwm-.
ability, and the possession of a sufficmnt degree of static stability
to insure a moderatel rapid recovery horn. a nose-dive or other
abnormal attitude. d e needs of lateral stability, ho, must be kept
in mind when changing the length of body.

PHYSICALCONCEPTIONSOF TEE RESISTANCEDERIVATIVES.

B appro riate alterations in design almost all the dmivatives
%8can e shgh y varied one at a time and without substantial than e

%in the others. ‘h determine what these abrations &ouId be t e
most straightforward method is to assime variations in each o~ the
derivatives singly, and to calculate the eflecta of such deviations on
the long osciUation. At the same time, it is of the highest importance
to have a hysical conception of the nature of the derivatives, as a

Echeck on t e conclusions derived from a purely mathematical treat-
ment. The basis for such ph ical conceptions has beer-expounded

Twith particular clearneas by r. J. C. Htisaker.1
(a) dfm, the statical moment derivative, represents the change in

pitching moment with vertical velocity. If the airplane rises the
relative wind has a dcnmward component, and the @e of inci&nce
is diminkhed. If M is positive, it will tend ti hed the airplane
up. Conversel , if he airphme drops the relative wind has an
upward slo e,

J
& e angle of incidence is decreased, and since w is now

negative, . will tend to head the machine down. The effect of a
positive iif. is therefore to maintain the airpkme always at the same
angle to the wind. If .ltWis very large, it tends to produce violent
osculations with a short period, the qy.dition being analogous to

1Dynamhl StaMUtyof Aeroplmes,by L O.Huusaker,
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thatof a ship with =cessive metacentric he- ht, or, to choose a more
%homaly ilkstra~on, to that of a weight w rating at tie end of a

very Stro
%

spring. If -Mww=e very small, the motion would be
gdle, @ a long period, but, on the other hand, the recovery
after a chsturbance would be insuiiicier@ prompt.

k the calculations submitted M& varies thro
Y

awider elm
was pointed out in connection mth the static Ysection. Ta le I
shows that 1 e changes can be made in& by changing tie angle

Yof the tai an that such changes have no commensurate eflect on

—

the other derivatives.
—

case (medium body, medium tail at – 31°) as “
.

through the custom
T

computations for various
Valum of x., other derivative an the speed being asnrnd
unchang~ we have the following results:

I

PmCau.
o &J ILm)

awl
-20 :&&
●m
-al
-80 k:

1

,
—

It isevident that the affect of increasing &is wholly unfavorable
the period being shortened and the damping decreased. The third
and fifth of the above combinations appear most satisfacto~ the
period being long @ the damping considerable, and still m&out
saticing a dangerously large amount of static +ting momenh
If K. be sufhciently decreased the solution of Bmratow’s second
factor becomes. a real number, and the motion ceases to be oscilla-
tory, becmnin a deal-beat subsidence. k the case under discus-

ssion, ZtWWOU3have to be decreased to 0.11 to arrive at this oondi-
tion, and so small a vslue would not be safe from other stand ints.
A reduction of lfw to a

$1
rroximately 2.OOwithout much e ect on

any other derivative co be secured by the use of a tail half way
between the medium tmd large ones in size, and set padlel to the
wing chord. This is in accordance with our provisional recommen-
dation, made in the &st part of the report, that larger tails set at
smaller angk should be used.

(6) Mg represents the rate of ch e of pit@ing moment due ~
angular Vdoci

2
%of pitch, or the ca cient of inherent damp

pitch. The Yect of this quantity on 10 ‘tuc@al stabihty as
apparently been very much overestimated. Y
have just done for ilfW,we have:

- ilfq alones9 we

.

.

—-
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Increases inthe dam “
d’%

coefhcient have exactly the opposite ticct
to similar changes in ecreasing the dam ing time and lengthen-
ing the period. iConsid&ble alterations can, owever, be made with-
out smously sharing the nature of th~ motion. Even when the
dam ing coaflicient IS reduced to half lts normal value, a change

{whit would hardly be brought about by any modification short of
the complete removal of the tail, the motion is stiIlnot uncomfortably
violent altho h the stability is much decreased, and the critical

‘%speed (or insta ility would be considerably higher than that for the
# standard machine. When ~g is still f~her reduced to zero the

machine is still stable, altho h now onlys htly so. Since damping
%depends more OILsize of tail anon angle %/, can be increased with-

out changing JfWby increasin the size o th~ tail, and, what is even

$
fmore im ortant, the km h o the body, whale decreasing the angle

alof the t to the wings. broad, flat=bottomed body also contributes
b-dam ing.

(c) } represents the change in X with &an -
P

forward velocity.
Ill~~v#ntifrom a hysical standpoint that t “ should be negative

Y
{e as posi ~e,so that any tendan to chamgespeed will be

immediate y counteracted. TX. depends so ely on the drag at 0° of

pitch, and a highfiratio is therefore unfavorable to stabii@ Making

a quantitative study, we find that an increase of 10 per cant in Xti
has no eflect on the period, and decreases the damping time from
13.5 seconds to 12.4. A decrease of 60 per cent, corrmponding to

doubling the ~ ratio, still leavee the period virtually unaffected, but

increases the dampin time to a trifIe @der 20 seconds, so that the
Jdamping in one OSC’ation is lowered from 64 per cent to barel 50.

%Among the five coetienta of the bi uadratic, X= enters into 0,
ailand ~, but its effect on 1? is too sm to be erceptible, and it in!lu-

I’tsncesthe value of 11much more than that o c.
(d) X. should be Iarge and ositive for stability, as is evident

from physical considerations. & en the machine, m the comae of
its osculation, starts to rise, it is desirable that a force be set u which

$wilb pose the forward motion, thus decreasing the speed an check-
ing J e rise. The result of changing this derivative has been ex-
amined in the same manner as for the others already treated.

x.+ loy~ Xw- + .257 p=20.1 Sees. t=13. 1 sees.
d=65.6

x. – 100% Xw=o p= 19.8 -“MU!. t=19,3 Sees
d=50,9

Here, too, as in the case of X., the eflect is shown mainly by a
lengthen@ of the damp”

3
time when the derivative decreases.

The change is relatively em , but maybe of some im ortanoe when
the degree ofchange is very J.arge,as it is apt to be. T!henthea.gle
of imndence decreasw and the speed decreases .X& drops off wth
great m idity, actually becoming negative as the mitical speed is

1!approac ed, and it is to the rapid change of this derivative that at
$s~;b~c art of the instability at large. angles of incidence may be

?
The m“eanaof controlling the behavior of & may best be shown

by a brief mathematical investigation. We have already shown that
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.XW is equaI b the product of ~ by a negative constant, and hat

X=ll cm 0 –L sin (i Dihentiattirg, we have:
ax all
~~ =a~ cos e-D

ti e—~ cos e—d: h e. shcOe iS o,~–8X–8:–L.At small

EU@ESof incidence, the drag curve is nearly horizontal, and ~ is

comequently negative. As the angle increases, the slope of the
drag curve runs up fsstmrthan the absolute value of the lift, especially

6X
as the burble point is nemed, and the value of ~, and consequently

X=, approaches zero and fially ch~~~ sign. To minimize the
decrease of XY at lows eeds, the slope of the drift curve ahouId be

gsmall and the hft shouId e
9

einproporticm. JnE’” .35 iashowma
?disgrsmatio representation o two extreme t~es o drag curves,

of which the one marked ~ will obviously correspond to -much the
higher value of Xm at low speeds. Other features of d- which
are favorable to a maintenance of stability from this standpoint
are: A “

Y
section ha~ the burble point at a small @e, the use

of a variab e a le of imndence, the setting of the wings at a huge
Yangle to the top ongeron of the body.

.

(e) Ii the 0s6s of 2., also, it k apparent that a huge value is
desirable~ but in this me it should be negative, since the force Z
acts in ihrect line with the velocity w, and any cbmge in the magni-
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tude of Z must be in the opposite dire~tion to w (i. e., must be nega-
tive in sign) in order to damp the motion.

Zw+ 10% Zm- –3.08 p= 20.6 semi. t=13. 6 Sees.
d= 65.3

2.–100% 2.==0 p= 13.2 eem. t= 19.8 Sees.
d=37.O

It will be noticed that an increase in 2. lengthens the period and
decreases the dampin t~e thus markedly improving tpe stability.
Z., like X., dro o ra l~y as the angle ~f iqcideneq IS inqrywed,
and this is ano~r!f & e elements eontrd@ng to mstabihty at’
low speeds. F~ Zmin thefiy mmner previously employed,

we see that it is proportional to ~+~, the first term being by far

the more important. 2. will then maintain its original high wdue
bmt for machines in which the burble point is “sharp,” the lift
curve runnin up on a constant slo q to Within a fraction of a degree

f Lof the critics an le and then brea
!&l

suddenly. This behavior is
characteristic of “ck “

-%
sectionsf such as are used for pro .ell~

$ssblade elementi. A sharp urble point, howeve~, has certain -
vantages, such machines being subject to stalh

Y
and 13XCW&l@y

sensitive at angles of incidence near the critical ang e.
We have now examined, one by one, the effect of each of the

resistance derivatives] with the exception of Z=. It is quite welcss
to treat this one. as It is a function of the swed alone and nothing
can be done to ‘modify its value. The nex”t.step, therefore, is
investigate the influence of the radius of gyration on stability.

K’+lo% p= 20.1 Sece.
l&-.bo~ z::: p=20.osecs.

t- 13.6 sea.
t= 12.5 SCCS.
d=67.o

6

The effect is surpri+ngly small, especially in respect of period of
oscillation, which ht be expected to vw kt el with K.a.

Y ?lWe can sa without esitation that no variation o t e radius of

r
Lation w “oh will arise in practice will have a perceptible s&t on

e stability of a machine, and that the only importance of this
quantity appears in connection with maneuverability and quickness
of response to controls.

The only important ~uantity remaining to be inv&i@ed is the
speed. For treatin tlus we have adopted the assumption that the
we~ht of the mac&ne, and consequently the loading, is ch~d
wi out changing the wrodynamic properties in any way and at
the radius of gyration also rauains unaltered the efTect being the
same as if the weight of every part of the ma&ine were to be scaled
down in the same proportion. The mass of the machine wiIl then
be proportional to the square of the speed the flight attitude being
the same in each case.

Each of the six derivatives, under these conditions, varies iuvereeIy
es U. Thus, for example:

Ji!y7=;
itf&c—

The five cosflicients in the stability equation then vary as follows:
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A does not vary
● Ba$

D varks in an irregular manner, one term depending on; snd

twotermsonl
P

EalD
Proceeding to examine the fiect of ahrations, we have:

u+ 10% -G=-4.00..9 p=20.1 Sees. f–14.5 Sees.
d=61.8

17+41.4% (loading doubled) :: – 1;:. ;
p= 19.95 Sees. t=17.15 Sees.
U–29.3%( loading hahd) P= -64.9
p =20.3 mm. 8=10.1 sea d= 75.2 ...’””

It is evident that, for a given f@ht, attitude, stabtity is improved
by light Ioading and low s eed} smi that ~his improvwt ~p-

B
!

uti little dected. This can be vqd&~&m&$&$fid~w~
earsmsird intheformoincxesse

physical grounds. The lower the speed of the airphtne the
Y

ater,
relatively, is the restoring effeot of any derivative depen ent on
20,v, or g.

The period of the long oscillation is approximately given by’

{
C d she both U and E are proportiomdtheeqmdon: p=2r ~ an

to; it would not be expeoted that the period would ohange nm-

terislly. We have seen that this kDindB~ the case. TheIcriteri~n

of damping, on the other hand, is: ~ —~ and since Bcc —u,CCKT
r r ?

E=+’and Da% (approximately), this expression will deorease in

value with inorease in U. It is evident that pursuit machinea, due
to their high speed, ti be peculiarly liable to instability, and ~eoial
attention should be paid to their robable behavior iR this respect

o%when hying out the design of SU airplanes.

ELEMENTS CONTRIBUTING TO DAMPING

In order to make an W@ is of this topic the model was tested on
the oscillator with the tfirremoved, usin both the medium and
short bodies. The damping coetlicient for ~ q wings and short body
was found to be 0.000067, aud that for the

T
and medium body

0.000070, as ainst a value of 0.000385 for e complete maohine
Twith medium ody and medium tail at – 33°. The taiI thus fur-

nishes 82 per oent of the damping for the standard arrangement and
81 per cent of that. for the combination o! short body. and ~arge
tail. It is quite pos~ble that the use of certmn @pes of wmga hming

lseatifd., p.44 *IcL,p.u

-

.—
,—

.—

.—

—

—

—

—-—
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a stable oenter of pressure motion wouId greatly increase the damping
due to the wings.

‘The damping due to the tail was calculated for the ai@ane itself
at a speed cmresponding to an angle of incidence of 2 , and was
found to be 117 units for the medium tail in combination with the
medium body, and 111 for the large tail in combination with tho
ShO1’tbod .

J
An independent computation of damping due to the

taiilhba~m on the customary assure tion that the tail acts as a flat

B
dle of incidence deriv from ite resultant path, has also

een made. % e effective as ect ratio of the tail was assumed to lm
!3, as indicated by-the tests o the tail alone describwl in the first part

of the report, and due allowance was made for the portion of the tail
in contact with the bod .

EThe values obtained y such computations w~e 79 and 72, re-
spectively. These are vw nearly two-thirds o~the valua found by
experiment, and the remaming third of the dampin must be derived

ffrom some other source. The discrepancy is, m act, considerably
more than a third, as we have already found that; due to decreased
air-speed and the extreme complexity of flow behind the wings, the
forces oh a tail are much smaller than those obtained by computation
from the && late formula. The additional momaut ma. well-be
accounted for \ . the hypothesis, mentioned above, of a

&
L

of energy in mo the field of flow about a plate at a con%&&
than iug angle of incidence.

%

The dam ing co~puted from the size
5and “stance of the tail can be used as a aws for a stability estimate,

proceedin on the assumption that the computed value forms 55
fper cent o the whole d&.

—.

ANINVESTIGATIONOF LOW-SPEEDCONDITIONS.

Since, as has already been noted, t ical machines become un-
Tstable at low speeds, an investigation o thase conditions has been

added. The angle of incidence chosan for this study was 12°, at

3
which the inves - ation of Dr. J. C. Hunsaker showed the tirtiw
JN-2 to be Sl&h y unstable. h there was not sufkkut time to
carry out

%!’
ernnents on the oscillator at this angle, lfg was assumed

to be direc pro ortional to the speed of the machine, an assure -
58tion. which r. {unsaker% experiments indicate. to reprm@ t e

facts fairly closely, but to be rather less favorable to stability than
the true conditions, as ~ actually diminish- somewhat less rapidly
than does the speed.

‘lb resistance derivatives have b&n computed as before and are
tabulated below, followed by the coefficients of the stability equation
and the yefi-od and @e }0 damp 50 per cat for the long oscillator,
the motion being stable in every caw.

I 1-‘e”(MLZ u

-01.7
-62.0
-62.6
-61.4
-a. e
-61. !4
-02.0
4.2
-02.6
-01.8
-01.8 TIT

n= Xs 27s Xw Zw

~o:g -1.04 +0.188 -1.IE5
E! -1.04 + .I12 -1.08

- .lKI -1.0s + .loa -1.(M
n:: - .1E4 –L06 + .120 -1.08

-.152 -1.04 +. .Llu -1.07
%:: -.168 -Lw + .089 -1.(!+
84.8 - .lM -LC4 + .079 —1.10
24.8 -.162 -1.m + .089 -1.18
84.8 -.152 –1.cO + .als -1.21

-.1.58 -LM + .103 -1.12
%! -.151 –LC4 i- .124 -1.07

+L94 S8
2.50
Ku E

91
k:
2.82 IE
~g :8

a: 19 116
2.10
2.60 1%

f ;E-J-(L 144
.110

.103 .105

.166 ;&l&

.164

.161 . Im

.169 :%

.179

.m .(I7I

.171 .110

.Ma .m
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Theredts at low speed ae kss accurate than at high, and the
values of X., which depends on the difference of two nemly equal
quantities, cau not be de ~nded on within 15 or 20 er cent.

The fact that the ma$me Ywss found to be stab e (although only
dlightly so), whereas Dr. Ehmsaker found the same macbiue under
the same conditions to be SIighfly unstable, is accounted for by the

9
er valu~ of XW and ZW obtained in the -resent experiments,

au these, in turn, were robably due to sIight
1

&
the modeI em 10 ed.

erences m wings of
comparison of the characteristic curms of

@me 6 witih&. &msakeds ourves will show that the former appro~-
mates much more nearly tlxm the lat& to the form (A), in

Pwhich was stated to be conducive to stabdi~, and that the “ t CUI&
m the presmt report has the ‘%harper” @rble point.

!the difference behreen the _ is shght and &m is nothing
dto invalidate the conchsions and recommen ations drawn from the

high-speed and statical amd
r

I17hestabdity with the
9

e tail
is somewhat poorer themvzi th~ other two due to a lower v ue of
X., which cmnterbalances the Imger M& !?his slight disadvantage
C* readily be ovwoome, however, by a mtication of the form of
wings ~d body.

Anumreaseintail e shortens the period, exactly as at high

E20 =..? ~
es in the ength of body, within the limits adopted,

There seems no reason to doubt the ossibili@ of develo in ,
I %%without radical change9 from the present. esigns an airpkme w ‘c

w# ossess a sat~factory degree of longhdm~ dynamic stability
d speeds witi the range of possibihty, sad JO do this without

sacrificing, to a serious extent, aerodymunh &cmcy or any other
desirable quality.

291650-s.Dec.E& 05-2-22 —
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8UMMARY OF BESULTSOF Sl!ATICALINVESTIGATION.

1. The 13.it&l36 wing, witJI raked tips aud aspeot ratio 7.2, gave a
maximum ~/L) of 21 and a mM&o.m KMOf 0.00315.

2. The aerodynamic foroes on the body are not pemeptibl ohanged
dby considerable cih~es in the length and abruptn- of e run, or

po$io~t o~eihe bd~ m back of the largest oross section.

‘T
minimum r&tance, the drag of bed and chassis .

ztag&er is slig ti lem than double that due to the bo y alone.
i4. The mean ipkme lift correction recommended for fiding

minimum flightqeed is 0.95. At small @es and high speeds
cmreotion factors of from 0.82 to 0.86 were found.

5. The hft contributed by body chassis, aud tad at huge angles is
negli##etitAt angles below 10° &we elements exert a considerable .—

3 The co&wient of psmsita resistance variM kss than 20 per cent
be&een 0° and 9°. Its minimum value for the(lurtiss ~-2, indmIing

—

int lane braoing, is 0.02
%7. Pm&l”m~#~%the presence ofe drag contribute b bo

#& o~tiatindicate’d by a test of thesethe wings, is roughly three-
dementa aIone.

8. The gain iu ficienoy bom a demease of * angle between tail
and wings is exceedingly small, a ohmge of 2~” in the tail angle

--

@reasing the mm5mum speed b only 1 mile per hour, and deoreas-
X

P
mgthelandings dby on- mile per hour.

.-—

9. Ordinary anges in tail .-a do not tied the landing speed
pe~ceptibIy. ‘I!he I@ speed IS somewhat improved by increasing
tad area.

.10. Shorten@g the @dy of the ~-2 reduces the landing speed

:E%$2;2%F::x~’-pt’t *e w~> “ ‘“ue under some conditions.
1.%.‘The

9
e of td setting can be much decreased without serious

10S.Sof static stabihty.
—

13. me center of gravity of the airpkme is placed, for equilibrium,
~m 4 ti&8 &$~$Fd of the meem center of

1’
ressmreof the

3 &
eatest when the angIe o equilibrium is

“md the angle of t “ setting is large
939

—.



SUMMARY OF RESULTSFOE DYNAMIC STABILITY.

.1. ~, -the damp% coefl@ent” in pitch, increases ~. rapidly
Jvmththe sumof the t and mth the length of the body. It mcrews

sli$tl~with the angIe of tail setting.
increase in tail angle decresses the period of oscillation and

the ~amping in on? period.
-3. @creased tad area shortans the period and increases the
damping.

4. Increasing the length of body increases the stability slightly.
6. To secure a maximum of dynamical stabihty at high speed all

the resistance derivative exce t Mu should be la e in abso~ute
f %vahe. ~ should be as sma as is consistent wi a sufficient

de ee of statical righting moment.
f To secure these conditions, it is recommended that the angle

bet&wn tail and wings be much decreased. A considerable shorten-

3
of the body is ermissible if accompanied by an incresse in the

Fta area which wil keep the moment of area about the center of
gramit . of the machine constant.

J~h~.tti@t -tWOPr. cent of the d~ping moment is contributed by
. I&e dampmg moment com qted for the tail in accordance

with the ususl theory is about two- &lrds of that found b experi-
Kment. It is recommended, for reliminary estimates, that t e dam -

2ing due to the tail be compute and assumed to be 66 per cent of t%e
correct ,valuefor the whole machine.


